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Abstract Little is known about the nature of microbial community activity contributing to the cycling of
nitrogen in organic-poor sediments underlying the expansive oligotrophic ocean gyres. Here we use pore
water concentrations and stable N and O isotope measurements of nitrate and nitrite to constrain rates of
nitrogen cycling processes over a 34-m proﬁle from the deep North Atlantic spanning fully oxic to anoxic
conditions. Using a 1-D reaction-diffusion model to predict the distribution of nitrogen cycling rates,
results converge on two distinct scenarios: (1) an exceptionally high degree of coupling between nitrite
oxidation and nitrate reduction near the top of the anoxic zone or (2) an unusually large N isotope effect
(~60‰) for nitrate reduction that is decoupled from the corresponding O isotope effect, which is possibly
explained by enzyme-level interconversion between nitrite and nitrate.
1. Introduction
Sediments underlying the oligotrophic ocean gyres comprise the vast majority of the seaﬂoor yet remain far
less examined than the sediments of the coastal and continental shelf zones. Indeed, our understanding of
the distribution, magnitude, and controls on elemental cycling occurring in these deep sea sediments is still
in its infancy (Schrenk et al., 2010). The relatively low organic carbon input and low sedimentation rates that
typify the majority of the global ocean greatly reduce respiratory consumption of O2 (and other electron
acceptors such as nitrate [NO3
]), allowing oxic conditions to penetrate deeply (greater than tens of meters;
D’Hondt et al., 2015; Orcutt et al., 2013; Ziebis et al., 2012). Indeed, these slower microbial respiration rates are
consistent with the dramatically lower abundances and activities of microbial communities in these regions.
Our understanding of the nature of these microbial communities, however, is limited, in part by the
challenges of studying microbial activity at such low cell abundances (D’Hondt et al., 2004, 2009, 2015). It
often remains difﬁcult to determine which processes occur and at what rates—greatly limiting our under-
standing of life under these ubiquitous conditions (D’Hondt et al., 2004).
Vertical proﬁles of solute concentrations are frequently used in both sedimentary pore waters and water
column settings to infer the distribution and magnitude of respiration pathways and rates (Berner, 1964,
1980; D’Hondt et al., 2004; Froelich et al., 1979). For example, the pore water distribution of nitrate reﬂects
the vertical distribution of net nitrate production (via nitriﬁcation) and consumption (via denitriﬁcation).
Interpreting concentration proﬁles with reaction-diffusion models allows estimation of production and
consumption rates (Berner, 1980; Boudreau, 1997; Wang et al., 2008). Such approaches have enabled
powerful insights into the magnitude and distribution of microbial reactions occurring over a wide range
of sediment environments. Additionally, these studies are useful because they are noninvasive and estimate
the magnitude of cycling processes under in situ conditions. New techniques, including isotope labeling
incubations as well as metagenomic and metatranscriptomic approaches, indicate that the network of
operative microbial metabolic reactions is often far more complex than previously believed and may include
an abundance of more cryptic reactions (Canﬁeld et al., 2010; Kappler & Bryce, 2017; Orsi et al., 2013; Riedinger
et al., 2017). A commonality among these cryptic reactions is the rapid turnover of a reactive intermediate,
which is often undetectable in the environment (e.g., Canﬁeld et al., 2010; Hansel et al., 2015; Ward &
Zaﬁriou, 1988); the balance of oxidative and reductive processes keeps steady state concentrations of these
intermediates low. Reactive intermediates within the nitrogen cycle include (among others) nitrite, nitric
oxide, and nitrous oxide, and studies examining the role and reactivity of these species are becoming more
prevalent (Bange et al., 1996; Sun et al., 2017).
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While concentrations alone reﬂect the net result of both production and
consumption, naturally occurring stable isotopes provide a uniquely
integrated and more comprehensive perspective on the total set of
reactions. For example, the coupled stable isotopes of N (expressed in
delta notation in units of per mil, (‰) where δ15N = [(15N/14Nsample/
(15N/14Nair)  1] * 1,000) and O (expressed similarly, where
δ18O = [(18O/16Osample/
18O/16OVSMOW)  1] * 1,000) of nitrate and nitrite
(NO2
) can be used to identify areas in which nitriﬁcation and denitriﬁcation
co-occur. Isotopic methods have been applied to water column oxygen
deﬁcient zones (ODZs; e.g., Buchwald et al., 2015) as well as deep-sea sedi-
ment proﬁles (e.g., Wankel et al., 2015) indicating an apparent overlap of
reductive and oxidative processes at redox boundaries. While the modeling
approaches are similar to those when using concentrations alone, known
isotopic fractionation occurring between isotopologues (e.g., 14NO3
 vs.
15NO3
) also allows discrete estimation of rates of nitriﬁcation, nitrate
reduction, and nitrite reduction. In addition, abiotic oxygen isotope equili-
bration processes can be used to constrain residence times of equilibrium-
sensitive species, for example, nitrite (Buchwald & Casciotti, 2013).
Here we present pore water isotope data from the oligotrophic North
Atlantic, combining perspectives from both nitrate and nitrite dual isoto-
pic compositions (e.g., δ15N and δ18O), spanning a redox gradient from
fully oxic conditions at the sediment-water interface down to total depletion of oxygen and nitrate. Using
a 1-D, reaction-diffusion model, we calculate depth-resolved estimates of rates of major N cycling processes,
incorporating known isotope systematics of ammonia oxidation, nitrite oxidation, nitrate reduction, nitrite
reduction, and oxygen isotope exchange between nitrite and water (Table 1 and Figure 1). We ﬁnd evidence
for the persistence of nitrite oxidation under anaerobic conditions and/or an unusually large discrepancy in
the coupling of O and N isotope effects of nitrate reduction (18ε:15ε) distinct from those of canonical denitri-
ﬁcation. Additionally, large differences observed between the δ15N of nitrite and nitrate may also be
explained by a uniquely prominent role for the reversible enzyme nitrite oxidoreductase (Freitag et al.,
1987; Sundermeyer-Klinger et al., 1984; Tanaka et al., 1983). We discuss
these alternative explanations for the observed isotopic data in the
context of low-carbon environments, with possible implications for
nitrogen cycling isotope dynamics in the broader biosphere.
While these ﬁndings lead to a signiﬁcant improvement in our understand-
ing of nitrogen cycling, they also demonstrate the need for a much deeper
understanding of microbial metabolism across redox gradients. Our
observations are similar to distributions observed in most ODZs of the glo-
bal ocean and, given the extent of seaﬂoor typiﬁed by similar sediments,
provide a globally representative characterization of N cycling in redox
gradients of sediments across ocean basins. Beyond oligotrophic sedimen-
tary systems, these ﬁndings have further implications for the nature of N
redox cycling and isotope budgets in many other systems, including ocean
ODZs, coastal sediments, and estuarine environments.
2. Materials and Methods
2.1. Sample Collection
Samples were collected aboard the R/V Knorr using its long coring sys-
tem in November of 2014 on cruise KN-223 in the North Atlantic.
Samples used in this study came from two sediment coring sites located
within 90 m of each other at 50°37.250W, 14°24.050N and 4,455-m water
depth and are hereafter treated as one location (Figure 2). Pore waters
were extracted at approximately 0.5-m intervals from two long piston
Table 1
Isotope Effects for Parameterization of Reaction-Diffusion Model, Differing by
Model Scenario for Nitrate Reduction
Process
Isotope
effect
Value (‰)
Referencessc. 1 sc. 2
Nitrite
oxidation
15εNXR 15 Casciotti (2009)
18εNXR 3 Buchwald and Casciotti
(2010)
Nitrite
reduction
15εNIR 20 Martin and Casciotti
(2016)
18εNIR 2 Martin and Casciotti
(2016)
Ammonia
oxidation
15εAMO 15 Santoro et al. (2011)
18εO2 0 Buchwald et al. (2012)
18εH2O 15 Buchwald et al. (2012)
Nitrate
reduction
15εNAR 25 60
a Granger et al. (2008)
18εNAR 25 35
a Granger et al. (2008)
18εΝΑΡ,
Branching
25 35a Granger et al. (2008)
Note. Bold emphasis denotes values that are different between scenarios 1
and 2.
aDetermined based on model ﬁt; see section 4.1.
Figure 1. Schematic showing the distribution of processes evaluated using
the 1-D reaction-diffusion model among three discrete depth zones:
ammonia oxidation (AMO), nitrite oxidation (NXR), nitrate reduction (NAR),
and nitrite reduction (NIR). The two model scenarios differ, by which
processes are included in zone II (see text for details). Depths where oxygen
concentrations are below detection (deeper than 4 mbsf) are shaded gray
throughout this study.
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cores (30 and 34 m long) using Rhizon™ samplers (0.2-μm pore size) and
either analyzed shipboard or frozen until analyses were conducted
shore side.
2.2. Pore Water Chemistry and Isotope Measurements
Nitrate and nitrite concentrations were determined shipboard using ion
chromatography with UV detection (D’Hondt et al., 2015). Isotopes were
measured in the Wankel lab (Woods Hole Oceanographic Institution)
using an Isoprime 100 isotope ratio mass spectrometer coupled to a
modiﬁed TraceGas prep system similar to that described previously
(McIlvin & Casciotti, 2011), which is used to ﬂush, purify, and cryogeni-
cally trap sample N2O from converted nitrate or nitrite samples.
Nitrate isotopic composition was measured using the denitriﬁer method
to convert nitrate to N2O, normalized to international reference materi-
als (USGS 34, USGS 32, and USGS 35) (Casciotti et al., 2002; Sigman
et al., 2001). Nitrite isotope measurements were made separately using
the azide method for conversion of nitrite to N2O (McIlvin & Altabet,
2005), normalizing to previously calibrated Wankel isotope lab standards
(WILIS 10, 11, and 20) (Buchwald et al., 2016). Where co-occurring nitrite
concentrations were less than 5 times as high as nitrate, nitrite was
removed by addition of sulfamic acid (Granger & Sigman, 2009) prior
to the denitriﬁer method. In the deepest samples having measurable nitrate, where concentrations were
very low, the N and O isotopic composition of nitrate was calculated by mass balance using analyses of
the combined nitrate + nitrite pools by the denitriﬁer method, in which both nitrate and nitrite standards
were also analyzed, together with nitrite isotope values from the azide-only measurements described pre-
viously (Casciotti & McIlvin, 2007).
2.3. One-Dimensional Reaction-Diffusion Model Structure
We determined the rates of primary nitrogen cycling processes using an inverse 1-D reaction-diffusion
model based on our measured vertical proﬁles of nitrate and nitrite concentrations and their correspond-
ing δ15N and δ18O values (Buchwald et al., 2015). In addition to molecular diffusion, the model includes
four major microbial transformation processes: ammonia oxidation, nitrite oxidation, nitrite reduction,
and nitrate reduction (Figure 1). Also included in the model is the equilibration of nitrite oxygen isotopes
with ambient water, with a reaction half-life of 50 days under ambient conditions of these sediments
(Buchwald & Casciotti, 2013). The model minimizes the difference between predicted and measured values
of eight different isotopologues, four for nitrate and four for nitrite: 14NO2
, 15NO2
, N16O2
, N18O2
,
14NO3
, 15NO3
, N16O3
, and N18O3
. The sum of both N isotopologues (14NO2
 + 15NO2
 or
14NO3
 + 15NO3
) is equal to the measured concentration ([NO2
] or [NO3
]) at any particular depth.
The sum of the two oxygen isotopologues, divided by the number of oxygen atoms in each, is equal to
the concentration of nitrite ([NO2
] = (N16O2
 + N18O2
)/2) or nitrate ([NO3
] = (N16O3
 + N18O3
)/3).
The eight differential equations, which represent the time-dependent transformations and 1-D diffusion
of these species, are given in Appendix A.
Central to the utility of this approach is the parameterization of the isotope effects associated with each
of the N transformations, including those associated with oxygen incorporation during oxidation reactions
and the δ18O composition of these precursor O pools (i.e., water or O2; see discussion). To solve the
underdetermined system of equations, we choose ﬁxed values for isotope effects and the initial isotopic
composition of nitrate and nitrite during model initiation. The model is initialized with sediment pore
ﬂuid containing no nitrite and no nitrate. The model is run until nitrite and nitrate concentration proﬁles
reach steady state.
Reaction rates were determined by dividing the vertical proﬁles into three major intervals based primarily on
observed reactant concentrations (particularly O2 and NO3
). Zone I includes the seawater interface and is
dictated by the depth of O2 penetration (to 4 meters below sea ﬂoor (mbsf)), while Zone III begins at the max-
imum depth of NO3
 presence and extends downward and Zone II falls between these (Figure 1). Steady
Figure 2. Map of pore water sampling location (star) with water depth
contours.
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state reaction rates are determined by ﬁnding the combination of rate constants that best ﬁts the
distributions of all isotopologues and are optimized using a cost-ﬁtting function (Appendix B). Two model
scenarios are performed to examine different nitrate reduction isotope effects, while the isotope effects
associated with ammonia oxidation and nitrite oxidation and reduction are held constant (Table 1).
3. Results
3.1. Nitrate and Nitrite Concentration and Stable Isotope Proﬁles
Concentration proﬁles of nitrate, nitrite, ammonium, and oxygen, as well as stable isotope proﬁles (δ15N and
δ18O) of nitrite and nitrate, are shown in Figure 3a. Bottom water in this region of the North Atlantic has a
nitrate concentration of 23 μM (Marconi et al., 2014) and oxygen concentration of 280 μM (measured
on cruise). Moving downward into the sediments, oxygen is mostly removed by 4 mbsf and absent
(< 0.01 μM) by 7m bsf (Figure 3a). Nitrate increases to concentrations as high as 40 μM within the upper
4 mbsf and is completely removed by 10 mbsf. Nitrite, which is absent in the uppermost sediment
column, begins to appear at ~4 mbsf, increasing to a maximum of 20 μM at 10 mbsf and dropping
to below detection by 23 mbsf (Figure 3a).
Both δ15NNO3 and δ
18ONO3 increase with depth into the sediment column (Figure 3b). Above 4 mbsf, where
O2 is measurable, the increase in δ
15N is distinctly muted compared to the corresponding increase in δ18O,
corresponding to a Δδ18O:Δδ15N of approximately 6.0 in this zone of net NO3
 accumulation. In contrast,
below the depth of O2 disappearance, the observed decrease in NO3
 concentration is associated with an
increase in δ15N that outpaces the increase in δ18O, manifesting as a Δδ18O:Δδ15N of ~0.3.
Nitrite isotope proﬁles exhibit three distinct features (Figure 3c). First, δ18ONO2 is essentially invariant
throughout the proﬁle, averaging +15.5‰ with a standard deviation of ±0.8‰. Second, in stark contrast
to δ18ONO2, δ
15NNO2 spans a range of nearly 70‰, with values as low as28‰ in the shallowest nitrite sam-
ple, and increases steeply with depth up to values as high as +40‰ just before nitrite levels fall below detec-
tion. Third, a distinct change in the δ15N slope with depth coincides with the NO2
 concentration maximum
and disappearance of nitrate at 10 mbsf.
Figure 3. (a) Pore water concentrations of nitrate, nitrite, ammonium, and dissolved oxygen; (b) stable N and O isotope pro-
ﬁles for nitrate, including the difference in the δ15N values of nitrate and nitrite (Δδ15N = δ15NNO3  δ15NNO2); and (c) the
stable N and O isotope proﬁles for nitrite. The gray shaded area indicates oxygen concentration below detection limit
(deeper than 4mbsf).
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4. Discussion
The concentration proﬁles of oxygen, nitrate, and nitrite from this site underlying the oligotrophic North
Atlantic follow the same patterns as in other locations, such as continental shelf sediments, but extend over
a much larger depth range as the result of lower microbial respiration rates. Here instead of oxygen depletion
occurring over millimeters or centimeters, as in organic rich sediments, oxygen persists to ~4 mbsf. After
oxygen is depleted there remains enough carbon to support heterotrophic nitrate reduction. After
nitrate, nitrite then becomes the principal terminal electron acceptor from 10 to 23 mbsf. While the
concentration proﬁles may suggest that the pore waters here follow a classic progression of redox reactions
(Claypool & Kaplan, 1974; Froelich et al., 1979; Stumm & Morgan, 1996), the isotope proﬁles reveal a more
complex story.
This unique data set includes well-resolved, high-resolution concentration and isotope proﬁles with a
large accumulation of intermediate nitrite and no resolvable ﬂuid advection (based on chloride proﬁles).
Therefore, this data set offers a unique chance to shed light on the inner workings of nitrogen turnover
across spatially broad redox gradients. The detailed understanding developed from the data from this site
has important implications for N cycling in other aquatic environments including the ODZs of the global
ocean. Below, using the 1-D reaction-diffusion model described above, we calculate depth-resolved rates
of N transformations, explore possible mechanisms for reconciling several apparent puzzles, and discuss
their implications for N cycling in other environments.
4.1. Nitrate Production in the Surface Sediments and the δ18ONO3 Versus δ15NNO3 (0 to 4 mbsf)
Within the oxic sediment of the upper 4 mbsf, the increase in NO3
 concentrations above bottom water
levels, a commonly observed feature in sediment pore water proﬁles, unequivocally reﬂects nitrate produc-
tion through nitriﬁcation (ammonia oxidation followed by nitrite oxidation; Berelson et al., 1990; Goloway &
Bender, 1982; Grundmanis & Murray, 1982; Hammond et al., 1996; Wankel et al., 2015). The conspicuous lack
of nitrite accumulation indicates that the second step of nitrite oxidation is not rate limiting. The NO3
 iso-
tope proﬁles reﬂect a mixture of bottomwater NO3
 and regenerated NO3
 (produced in situ by nitriﬁcation)
in concert with the diffusive transport of these end members.
Bottom water NO3
 in this region of the North Atlantic has a δ15N value of +4.8‰ and a δ18O value of +1.8‰
(Marconi et al., 2014). In the absence of NH4
+ or NO2
 accumulation, the δ15N of regenerated NO3
 should
reﬂect the δ15N of the organic matter supplied to the sediment. Nitrate δ15N is almost constant with a slight
increase with depth in this zone of remineralization and nitriﬁcation. By comparison, the δ18O of regenerated
NO3
 reﬂects a combination of the isotopic composition of oxygen source molecules (water and dissolved
O2), as modiﬁed by kinetic isotope effects associated with their incorporation into product NO3

(Buchwald et al., 2012; Buchwald & Casciotti, 2010).
While water column δ18OH2O and δ
18OO2 can be assumed constant at approximately 0‰ and +24.1‰
(where in equilibrium with the atmosphere), respectively, this assumption is not necessarily applicable
to the pore water environment. The persistent decrease in sediment pore water O2 reﬂects consumption
by respiration, a process with an isotopic fractionation effect that increases δ18OO2 (Lane & Dole, 1956).
Figure 4 shows calculated values of δ18OO2 with depth, assuming a respiration isotope effect of either
13‰ (Angert et al., 2001; Kroopnick & Craig, 1976) or 20‰ (Kiddon et al., 1993; Kroopnick, 1975). In turn,
to the degree that O2 atoms are incorporated into newly produced NO3
, these elevated δ18OO2 values
will impact the δ18ONO3 of regenerated NO3
 produced through pore water-hosted nitriﬁcation (Figure 4).
The impact that δ18OO2 has on the δ
18ONO3 of newly produced NO3
 depends on the extent of oxygen
isotope equilibration between intermediate NO2
 and ambient water, which has been estimated to vary
between 0% and 25% (Casciotti et al., 2010). Oxygen isotope exchange between water and nitrite occurs
abiotically at a rate related to temperature and salinity (Buchwald & Casciotti, 2013). In the conditions pre-
sent here the half-life of this equilibration is predicted to be ~50 days. At equilibrium, the equilibrium iso-
tope effect (18εeq) reﬂects the δ
18O offset of nitrite above that of ambient water, here by about 14.8 to
15.7‰ for pore waters of 10 to 2 °C (Buchwald & Casciotti, 2013; Casciotti et al., 2007). In Zone I, where
nitrite does not accumulate, we assume abiotic isotopic exchange is negligible (Buchwald et al., 2012).
Figure 4 also includes the predicted δ18ONO3 for regenerated NO3
 with up to 50% water-derived O,
which dampens the inﬂuence of the incorporation of enriched δ18OO2, but also increases the δ
18ONO3
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as the result of the equilibrium isotope effect. Sigman et al. (2009) similarly concluded that the mean value of
ocean nitrate is similar to the nitriﬁcation source (NO2
) δ18O, suggesting little inﬂuence by oxygen isotopic
exchange during production of regenerated NO3
. Indeed, the
incorporation of isotopically enriched O from fractionated O2 into the
newly nitriﬁed pore water NO3
 pool causes an increase in δ18O relative
to δ15N (Figures 4 and 5). Equilibration of nitrite oxygen isotopes with
water also contributes to the preferential increase in δ18O relative to
δ15N. Both of these processes, fractionation during O2 incorporation and
abiotic oxygen exchange between nitrite and water, together can easily
account for the strong increase in δ18ONO3 and the observed extreme
δ18ONO3 versus δ
15NNO3 slope of ~6 (Figure 5).
4.2. Coupled Nitriﬁcation and Denitriﬁcation in the Shallow Anoxic
Zone as Evidenced by the Shifting Relationship Between δ18ONO3 and
δ15NNO3 as Well as Δδ15N (5 to 10 mbsf)
Below the depth of O2 penetration (Zone II; 5 to 10 mbsf), the onset of
NO2
 (and NH4
+) accumulation (Figure 3) and the clear shift in the
δ18ONO3:δ
15NNO3 trend (Figure 5) reﬂect fundamental changes in the types
and magnitudes of microbial nitrogen redox transformations. Nitrate iso-
topic composition in this zone is characterized by a strong increase in
δ15NNO3 values with depth, that, in contrast to those in Zone I, outpaces
the corresponding increase in δ18ONO3. In addition, δ
15NNO2 values in
Figure 4. Measured oxygen concentration proﬁle, measured nitrate δ18O, and model-estimated δ18O of dissolved O2
(based on two different isotope effects during respiration: 13‰ and 20‰) and the fraction of newly produced NO3

by nitriﬁcation (with and without 50% water-derived O).
Figure 5. Measured nitrate δ15N and δ18O (blue circles) shownwith a 1:1 line
(dashed) anchored in the composition of bottom seawater. The 1:1 reference
line is useful for evaluating the amount of denitriﬁcation, which should
exhibit equal changes in δ15N and δ18O as NO3
 is consumed. The nitrate
isotope results for the two model scenarios described in Table 1 are shown.
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this interval are exceptionally low, reaching as low as 28‰. In the absence of O2, net nitriﬁcation is not
expected to occur and organic matter oxidation is supported by nitrate reduction (Anderson et al., 1982).
The transition in metabolic N cycling regimes is easily seen in the evolving trend of coupled NO3
 isotope
compositions (δ18ONO3:δ
15NNO3) depicted in Figure 5. While the slope of δ
18O versus δ15N is very high in
the oxygenated surface zone (~6), it drops dramatically to ~0.3 in this deeper zone. This pattern reﬂects a
starkly different balance of processes affecting NO3
 in the absence of dissolved O2, conditions that poise
denitriﬁcation as the most energy yielding respiratory pathway. Typically, values of 18ε and 15ε are strongly
coupled (near 1:1) as measured in studies of denitrifying bacterial cultures utilizing respiratory nitrate reduc-
tase (NAR) (Granger et al., 2008). Here below the depth of O2 penetration, however, the dramatic decrease in
the δ18O versus δ15N trend, falling well below the 1:1 relation expected from unidirectional consumption by
respiratory nitrate reductase, must reﬂect the inﬂuence of other more cryptic metabolic processes that are
not directly observable with concentration data.
To further explain this transition, we turn to the dynamics of NO2
; below the depth of O2 penetration,
NO2
 accumulation neatly tracks the disappearance of NO3
. The production of NO2
 by NO3
 reduction
is generally associated with a large isotope effect (15εNAR), yielding δ
15NNO2 values lower than the δ
15N of
coexisting NO3
 by approximately the value of 15εNAR. Indeed, δ
15NNO2 values in the zone of nitrite pro-
duction are much lower than the coexisting nitrate at a given depth; yet the differences between the
δ15N of coexisting NO2
 and NO3
 (Δδ15N = δ15NNO3  δ15NNO2), up to 54‰ (Figure 3b), far exceed
any published values for observed 15εNAR in cultures of denitrifying bacteria (Granger et al., 2008).
Notably, similarly large Δδ15N values have been observed in isotope proﬁles from ODZs and have been
largely ascribed to the cryptic reoxidation of nitrite occurring in the apparent absence of available O2
(Altabet et al., 2012; Buchwald et al., 2015; Casciotti et al., 2013; Gaye et al., 2013). This dynamic arises
because NO2
 oxidation is associated with an inverse isotope effect that drives the δ15N of the product
NO3
 higher while decreasing the δ15N of residual NO2
 beyond values expected to result from NO3

reduction alone (Casciotti, 2009).
4.3. Nitrite Reduction in the Deep Anoxic Zone (10 to 26 mbsf)
Finally, once NO3
 has been completely consumed by nitrate reduction, the N isotope dynamics of
NO2
 are closely linked to its disappearance, presumably as the result of reduction coupled to organic
matter respiration (e.g., denitriﬁcation; Figure 3). In this case, and in the presumed absence of any
other processes producing nitrite, the increase in δ15NNO2 directly reﬂects the isotope effect for nitrite
reduction (15εNIR) of the microbial community, a value of 21.6 ‰ using a ﬁt to a ﬁrst-order closed
system model (not shown). This value indicates a likely dominance of copper-containing nitrite reduc-
tase (nirK) with limited contributions from iron-containing nitrite reductase (nirS), as it has been shown
that nirS imparts a 15εNIR of 8 ± 2‰, while nirK yields a 15εNIR of 22 ± 2‰ (Martin &
Casciotti, 2016).
4.4. Distribution of Nitrogen Transformation Rates
Calculated rates from the inverse 1-D reaction-diffusion model framework are shown in Figure 6. In
the ﬁrst model scenario (sc. 1; Figure 6), isotope effects are prescribed using representative values
chosen from the literature (Table 1) and the model solves for rates of ammonia oxidation, nitrite oxi-
dation and reduction, and nitrate reduction. A distinguishing characteristic of the results of this model
scenario is the occurrence of nitrite oxidation in the absence of measurable O2. In the second model
scenario (sc. 2), isotopic fractionation of nitrate is treated as an unknown and optimized with a cost-ﬁt
function, while nitrite oxidation is set to zero below the O2 penetration depth (Zones II & III). This
approach allows us to illustrate the sensitivity of these parameters and examine inconsistencies
between the modeled and measured isotope proﬁles that occur when a conventional redox zonation
is assumed.
Estimated nitrogen transformation rates vary strongly as a function of depth through the sediment
column (Figure 6e). Ammonia oxidation is predicted to occur at a constant prescribed rate of
0.02 μM NH4
+ yr1 in the top 4 meters of sediment where oxygen is present. The rate of ammonia
oxidation was determined by the closest-ﬁt model results to the measured NO3
 concentration proﬁle
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of the upper 4 mbsf (Zone I), while ensuring that the net production of NO3
 occurred without
accumulation of NH4
+ or NO2
 (Figures 6b and 6e). It was assumed that nitriﬁcation was the only
source of nitrate in the top 4 meters of sediment. At the lower boundary of Zone I, where O2 is
nearly depleted, nitrate reduction rates increase, with a maximum of 0.3 μM NO3
 yr1 at 7 mbsf.
Nitrite oxidation also increases in close connection with nitrate reduction rates. Both nitrite
oxidation and nitrate reduction rates are zero below 10 mbsf (Figure 6e). The total nitrogen proﬁle
indicates that nitrite reduction, the only process that removes ﬁxed nitrogen, occurs only in the
deepest zone (Zone III) (Figure 6e). Nitrite reduction exhibits maximum rates of 0.005 μM yr1 tied
to the highest nitrite concentration in the top of Zone III at 10 mbsf before tapering off in
connection with the decay of nitrite with depth at 26 mbsf. Here again, a ﬁrst-order rate constant
was determined by optimizing the model to most closely reproduce the disappearance of total N
with depth. While ammonia oxidation and nitrite reduction rates were primarily tied to the
concentration proﬁles, rates of nitrate reduction and nitrite oxidation (Zone II) were more tightly
constrained by the isotope proﬁle distributions. Below we discuss how the relationship between
nitrate δ15N and δ18O, as well as the difference in δ15N between nitrite and nitrate, inﬂuence the
model solutions for nitrate reduction and nitrite oxidation.
4.5. Comparison to Previous Studies and Possible Mechanisms of Nitrite Reoxidation
As introduced above, the initial model parameterization yields rates of nitrate reduction and nitrite oxi-
dation that track each other over the vertical extent of this zone (6 to 10 mbsf), with the fastest rates
predicted at 0.3 μM y1 at a depth of 7 mbsf. These rates of nitrate reduction are much lower than
Figure 6. Measured proﬁles (colored lines) and corresponding model ﬁts (gray and black dashed lines) for two scenarios
(sc. 1 and sc. 2): (a) total inorganic nitrogen (NH4
+ + NO3
 + NO2
) concentration (N); (b) nitrate concentration;
(c) nitrite and ammonium concentration; (d) nitrite N and O isotopic composition (δ15N and δ18O); and (e) rate proﬁles for
nitrate reduction (NAR, red), nitrite reduction (NIR, orange), nitrite oxidation (NXR, green), and ammonia oxidation
(AMO, purple). Rates of ammonia oxidation and nitrite reduction are the same for bothmodel scenarios. The only difference
in sc. 1 and sc. 2 are the isotope effects for nitrate reduction, indicated in Table 1. The gray shaded region shows where
oxygen is below detection (deeper than 4 mbsf).
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values measured in sediment and the water column in Eastern Tropical
Paciﬁc waters (Buchwald et al., 2015; Peters et al., 2016; Ward et al.,
2009) and other oligotrophic sediments from the North Atlantic at
North Pond (Wankel et al., 2015). Nitrite oxidation rates here are also
lower than values observed in ODZs (~3 μM y1; (Buchwald et al.,
2015)), but closer to water column values than other sediment environ-
ments. Nitrite oxidation rates are much lower (4 to 5 orders of magni-
tude) than values measured in coastal sediments (2.2 e4 to 9.8 e4 μM
y1; (e.g., (Brin et al., 2014)). The values for nitrite oxidation in this
study (up to 0.3 μM y1) equate to a residence time for nitrite of
~70 years. A long nitrite residence time is also supported by the δ18O
values of nitrite, which appear fully equilibrated with the δ18O of
water (Figure 3).
The co-occurrence of nitrite oxidation and nitrate reduction is a parti-
cularly important inference in this model. Although nitrite oxidation
by nitrite-oxidizing bacteria (NOBs) in culture is only known to occur
when linked to direct use of O2, the reoxidation of nitrite under
ostensibly anoxic conditions appears to be the only mechanism that
is able to reconcile the dual isotope proﬁles of both NO3
 and
NO2
 (Figures 3b and 3c). Indeed, it is this large turnover of nitrite
and nitrate that presumably leads to the strong decrease in the slope
of δ18ONO3 versus δ
15NNO3 in this depth interval (Granger & Wankel,
2016). First, the δ15NNO3 produced by nitriﬁcation is always higher
than the value of δ15NNO3 removed through nitrate reduction. Second, if δ
18ONO3 is greater than
δ18OH2O, as occurs here, then the δ
18ONO3 removed through nitrate reduction is greater than what
is added through nitriﬁcation, also contributing to a decrease in the Δδ18ONO3:Δδ
15NNO3. Lastly,
enzyme-promoted equilibration of the δ18O of water with nitrate during nitriﬁcation would also cause
the small increase in δ18O relative to δ15N of NO3
 (Buchwald & Casciotti, 2010; Casciotti et al., 2010;
DiSpirito & Hooper, 1986; Friedman et al., 1986).
This reoxidation dynamic has been invoked in other zones where NO2
 accumulation occurs, particularly in
ODZs of the global ocean (Beman et al., 2013; Buchwald et al., 2015; Füssel et al., 2012; Martin & Casciotti,
2017; Peters et al., 2016). Indeed, reoxidation of nitrite under anoxic conditions, while still not well under-
stood, may underpin a greater part of the natural nitrogen cycle than previously recognized (Babbin et al.,
2017; Granger & Wankel, 2016; Sun et al., 2017). For example, recent studies have suggested that the larger
than expected Δδ15N values may actually be representative of isotopic equilibration between nitrite and
nitrate, occurring in connection with highly reversible enzymatic activity (Figure 3b). This was ﬁrst demon-
strated in cultures of anammox bacteria, where the δ15N of the nitrate produced was ~60‰ greater than
the coexisting nitrite δ15N (Brunner et al., 2013). We have included a schematic that illustrates a scenario,
as in these pore waters, where the Δδ15N increases over the expected value for the nitrate reduction isotope
effect during nitrate removal (Figure 7). Nitrite reoxidation and other processes that will be described below
can explain this increase.
To examine the requirement for such high levels of anaerobic nitrite reoxidation (e.g., nitrite-nitrate
cycling), we adapted the model parameters to explicitly exclude any nitrite oxidation below the depth
of O2 penetration. In contrast to sc. 1, in which the co-occurrence of nitrate reduction and nitrite oxidation
(with its strong inverse isotope effect) ampliﬁes the accumulation of low δ15N NO2
, this second conﬁg-
uration requires production of very low δ15N nitrite directly from nitrate reduction. The resulting isotope
effects of nitrate reduction that best explain the dual isotope proﬁles of NO2
 and NO3
 in Zone II are
60‰ and 35‰, for 15εNAR and
18εNAR, respectively. Sc. 2 also yielded lower overall rates of nitrate reduc-
tion in this zone (Figure 6). Notably, however, these fractionation values are far larger than those ever
reported from studies of denitrifying and nitrate-reducing bacterial cultures (e.g., Granger et al., 2008).
Thus, we are left with either a large oxidative ﬂux of NO2
 to NO3
 under anoxic conditions, an apparent
isotope effect for nitrate reduction that is much larger than any previous observation in bacterial cultures,
Figure 7. A schematic showing two different scenarios for the change in
δ15N of nitrate and nitrite during nitrate reduction. The solid line occurs
when δ15N difference between nitrite and nitrate is equal to the isotope
effect for nitrate reduction, and the dotted line shows an increase in the δ15N
difference caused by three possible mechanisms, as described in the inset.
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or the persistence of an enzyme-catalyzed isotope equilibrium occurring between NO3
 and NO2
, which
we discuss in more detail below.
4.6. Enzyme Level Interconversion as a Mechanism Contributing to Isotope Dynamics Between NO3

and NO2

Under typical Earth surface conditions nitrite and nitrate nitrogen isotopes do not reach isotopic equili-
brium, values of which have been estimated to fall near 55‰ (with δ15NNO3 > δ
15NNO2) (Casciotti,
2009). However, enzymatic reactions—especially those that are reversible—are well known to facilitate
isotopic equilibrium in many different systems (Brunner et al., 2012; Sim et al., 2011; Yoshinaga et al.,
2014). This phenomenon has not been widely investigated in the context of nitrogen cycling. However,
nitrogen isotope equilibration between nitrate and nitrite was invoked recently as an explanation of iso-
tope patterns observed in the surface Antarctic ocean (Kemeny et al., 2016), which the authors attributed
to an enzymatically catalyzed interconversion by the reversible action of the nitrite oxidoreductase enzyme
(NXR). In our study, however, it is difﬁcult to invoke enzyme-catalyzed isotopic equilibrium using the same
argument made for the surface Antarctic Ocean (Kemeny et al., 2016), in which the rapid transport of
nitrite-oxidizing organisms into a stressful environment (high light and low nutrient surface ocean) was
thought to initiate nitrite-nitrate interconversion by the reversibility of nitrite oxidoreductase. The same
dynamic conditions clearly cannot be used to describe sediment-hosted organisms, which are generally
subject to a quasi steady state with respect to their surroundings and available resources. While enzyme
level interconversion has been suggested to occur in the surface Antarctic, and within cultures of ana-
mmox bacteria (Brunner et al., 2013), the exact mechanism causing the NXR enzyme to permit a reversi-
ble reaction and thereby promote isotopic equilibration is still unknown. Our data suggest that, despite
limited oxygen availability, NOBs may persist at the thermodynamic threshold of nitrite oxidation (limited
by O2), which may lead to exceptionally high levels of enzyme-catalyzed isotope equilibration between
nitrite and nitrate.
Similar arguments have been made for the distribution of carbon isotopes, for example, between methane
and dissolved inorganic carbon near sulfate-methane transition zones, in which limitation of methane oxida-
tion by low sulfate increases enzyme reversibility and leads to production of anomalously low carbon isotope
compositions of methane as the result of an equilibrium distribution between methane and bicarbonate
(Yoshinaga et al., 2014). Taken as a whole, the large apparent impact of NOBs (or other organisms with a
reversible enzymatic pathway linking nitrate and nitrite) reﬂected by these pore water isotope compositions
appears linked to their ability to compete with the carbon-limited heterotrophs requiring NO3
 and NO2
 for
respiration. Thus, in these very low organic carbon environments, the reversibility of nitrite oxidoreductase,
while still catalyzing a net forward oxidation of nitrite to nitrate, plays an unusually dominant role in the struc-
ture of the pore water isotopic proﬁles. Indeed, evidence for the persistence of NOBs in similarly low organic
carbon marine sediments has been shown through pyrosequencing and qPCR, indicated by the presence of
the NXR gene and NOBs throughout the sediment column across all levels of dissolved oxygen (S. Jørgensen,
personal communication, 2014).
5. Conclusion
Our ﬁndings offer a unique perspective on the growing examination of coupled isotope measurements of
nitrite and nitrate across other systems, including those in oceanic ODZs. Indeed, large differences in the
δ15N of nitrite and nitrate may be due in part to the complex and dynamic limitation of different micro-
bial community members by the availability of resources including organic carbon, oxygen, nitrite, and
nitrate. Future work in ODZs and other pore water settings should aim to better determine factors that
may be regulating enzyme reversibility in nitrogen cycling with attention to implications for
isotope systematics.
Appendix A: Equations Used in the 1-D Reaction Diffusion Model
The model used is a 1-D model that iterates over time (t) and depth (z). The time step (Δt) used was 1 year,
which is then run for 100,000 years. The domain is set at 34 m, and each bin (Δz) is set at 1 m.
Equations (A1)–(A8) represent the eight different parameters (14NO2
, 15NO2
, N16O2
, N18O2
, 14NO3
,
15NO3
, N16O3
, and N18O3
). The concentration of nitrite [NO2
] is equal to (14NO2 +
15NO2
) or
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(N16O2
 + N18O2
)/2, and the concentration of nitrate [NO3
] is equal to
(14NO3 +
15NO3
) or (N16O3
 + N18O3
)/3. Initial values for concentration
and isotopic composition are shown in Table A1. Each parameter is trans-
ported by diffusion (D = 0.01m2/year and adjusted for each of the isotopes
(D15NO2, DN18O2, D15NO3, and DN18O3) and is subject to biogeochemical
processes of ammonia oxidation (AMO), nitrate reduction (NAR), nitrite
reduction (NIR), and nitrite oxidation (NXR). The ﬁrst-order rates of nitrate
reduction (kNAR), nitrite reduction (kNIR), nitrite oxidation (kNXR), the fractio-
nation factors associated with N for the three processes (15αNAR,
15αNIR, and
15αNXR), and the fractionation factors associated with O (
18αNAR,
18αNIR,
18αNXR,
18αEXCH,
18αb,
18αO2, and
18αH2O) are taken from the literature or
ﬁt by the model (Table 1). Ammonia oxidation is not modeled as ﬁrst-order rate but instead as a total rate
and also includes the fractionation factor, 15αAMO, from the literature.
18αEXCH is the equilibrium isotope effect
for the abiotic exchange of oxygen atoms between water and nitrite; 18αb is the branching isotope fractiona-
tion, or kinetic isotope fractionation during the removal of one oxygen atom from nitrate during nitrate
reduction; and 18αH2O is the fractionation factor for the oxygen incorporation from water during nitrite oxida-
tion. Isotope fractionation factors are shown in Table 1.
The system of centered difference equations where i is the index for time and j is the index for depth is as
follows:
14NO2 zj; tiþ1
  ¼ 14NO2 zj; ti þ Δt
D
Δz2
14NO2 zjþ1; ti
  214NO2 zj; ti þ 14NO2 zj1; ti  
kNXR zj
 
14NO2 Zj; ti
 
þkNAR zj
 
14NO3 zj; ti
 
kNIR zj
 
14NO2 zj; ti
 
þrateAMO zj
 
0
BBBBBBBB@
1
CCCCCCCCA
(A1)
15NO2 zj; tiþ1
  ¼ 15NO2 zj; ti þ Δt
DD15NO2
Δz2
15NO2 zjþ1; ti
  215NO2 zj; ti þ 15NO2 zj1; ti  
kNXR zj
 
15αNXR
15NO2 zj; ti
  
þkNAR zj
 
15αNAR
15NO3 zj; ti
  
kNIR zj
 
15αNIR
15NO2 zj; ti
  
þrateAMO zj
 
15αAMO
0
BBBBBBBBBBBBBBBBBB@
1
CCCCCCCCCCCCCCCCCCA
(A2)
N16O2 zj; tiþ1
  ¼ N16O2 zj; ti þ Δt
D
Δz2
N16O2 zjþ1; t1
  2N16O2 zj; t1 þ N16O2 zj1; t1  
2kNXR zj
 
14NO2 zj; t1
 
þ2kNAR zj
 
14NO3 zj; t1
 
-2kNIR zj
 
14NO2 zj; t1
 
þ2rateAMOkAMO zj
 
0
BBBBBBBB@
1
CCCCCCCCA
(A3)
Table A1
Initial Values for Isotopic Composition of Modeled Species
Isotope Initial value (‰)
δ15Nnitrate,i +4
δ18Onitrate,i +1.8
δ15Nnitrite,i 20
δ18Onitrite,i +15
δ15Nammonium 5
δ18OH2O 0
δ18OO2 23.5
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N18O2 zj; tiþ1
  ¼ N18O2 zj; ti þ Δt
DDN18O2
Δz2
N18O2 zjþ1; ti
  2N18O2 zj; ti þ N18O2 zj1; ti  
kNXR zj
 
18αNXR
N18O2 zj; ti
  
þkNAR zj
 2 18αNAR 
3 18αb
  N18O3 zj; ti  
kNIR zj
 
18αNIR
N18O2 zj; ti
  
þrateAMO zj
 
18αO2
δ
18OO2
1; 000
þ 1
 !
18RVSMOW
þrateAMO zj
 
18αH2O
δ
18OH2O
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þ 1
 !
18RVSMOW
kEXCH zj
 
N18O2 zj; ti
  
þkEXCH zj
 
N16O2 zj; ti
  
18αEXCH
δ18OH2O
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 
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0
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14NO3 zj; tiþ1
  ¼ 14NO3 zj; ti þ Δt
D
Δz2
14NO3 zjþ1; ti
  214NO3 zj; ti þ 14NO3 zj1; ti  
þkNXR zj
 
14NO2 zj; ti
 
kNAR zj
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 
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BBB@
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15NO3 zj; tiþ1
  ¼ 15NO3 zj; ti þ Δt
DD15NO3
Δz2
15NO3 zjþ1; ti
  215NO3 zj; ti þ 15NO3 zj1; ti  
þkNXR zj
 
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15NO2 zj; ti
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-
kNXR zj
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15αNAR
15NO3 zj; ti
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0
BBBBBBBB@
1
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N16O3 zj; tiþ1
  ¼ N16O3 zj; ti þ Δt
D
Δz2
16NO3

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0
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N18O3 zj; tiþ1
  ¼ N18O3 zj; ti þ Δt
DDN18NO3
Δz2
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Appendix B: Cost Function
The cost function is the sum of the squared differences between the data and model for the number of data
points (N), calculated for each of the six ﬁrst-order variables (k = [NO2
], [NO3
], δ15NNO2, δ
18ONO2, δ
15NNO3,
and δ18ONO3). The weight (Wk) is a scale factor applied to normalize the absolute magnitudes where they dif-
fer greatly between variables. The weights were determined using the mean of the data points, and some
were adjusted by a factor of 10 until each of the variables had approximately equal costs.
cost ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
∑
6
k¼1
∑
N
j¼1
xmodelk jð Þ  xmeask jð Þ
 2
NW
 !vuut (A9)
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